Background. Loss of finger extension is common after stroke and can severely limit hand function. Contralaterally controlled functional electrical stimulation (CCFES) is a new treatment aimed at restoring volitional finger and thumb extension. A previous pilot study showed reductions in hand impairment after 6 weeks of CCFES, but the effect did not persist after end of treatment. Objective. This study aimed to evaluate the feasibility of achieving greater and more persistent gains with CCFES by increasing the treatment period to 12 weeks. Methods. CCFES uses neuromuscular electrical stimulation to open the paretic hand in direct proportion to the degree of volitional opening of the unimpaired contralateral hand, which is detected by an instrumented glove. Three subjects with chronic hemiplegia participated in a 12-week CCFES treatment, which consisted of daily CCFES-assisted active repetitive hand-opening exercises and twice weekly functional task practice with CCFES. Results. Maximum voluntary finger extension increased by 101° and 68° for subjects 1 and 2, respectively, but subject 3 had no improvement in finger extension. Box and Block score increased by 6, 15, and 7 blocks, and upper extremity Fugl-Meyer score increased by 11, 15, and 7 points for subjects 1, 2, and 3, respectively. The finger extension gains declined at the 1-month and 3-month follow-up for subjects 1 and 2, but the gains in Box and Block and Fugl-Meyer scores persisted at follow-up. Conclusions. Greater reductions in hand impairment were achieved by extending the treatment period. The effect and its longevity may be related to baseline impairment level.
L oss of hand function is one of the most frequently persisting consequences of stroke and is often characterized by inability to open the hand. 1, 2 Although routine occupational therapy is beneficial, it remains limited in its effectiveness in restoring full independent use of the impaired upper extremity and consequently many stroke survivors never regain the function of their affected hand.
Several advanced rehabilitation techniques have emerged in recent years that have demonstrated that hand function may be improved in stroke survivors, even in those with chronic (>6 months post-cerebrovascular accident; post-CVA) hemiplegia. Some of these, such as constraint-induced movement therapy (CIT) [3] [4] [5] and robot-assisted movement therapy [6] [7] [8] emphasize active (patient initiated), repetitive, taskspecific movement of the impaired arm and hand. Additional therapies shown to reduce upper extremity motor impairment include bilateral symmetric movement of the paretic and nonparetic upper limbs, [9] [10] [11] [12] and motor imagery or mental practice techniques, [13] [14] [15] which may include the use of a mirror 16, 17 or virtual reality environments [18] [19] [20] to help create the perception of restored motor control.
Neuromuscular electrical stimulation (NMES) has been used in numerous studies to produce repetitive movement in paretic limbs with the goal of facilitating motor relearning. Electromyography (EMG)-triggered NMES is a technique that requires subjects to produce a threshold level of EMG from either the paretic muscle itself (often wrist extensors) or another muscle to receive stimulation to the paretic muscles (wrist and finger extensors). [21] [22] [23] [24] [25] [26] The technique emphasizes linking motor intention (detected by the volitionally generated EMG signal) to motor response (brought by stimulation). Another use of NMES focuses on having subjects use their stimulated arm and hand to perform tasks with a prescribed regimen. [27] [28] [29] [30] [31] In these studies, subjects triggered a stimulation sequence by hitting buttons on the device. These methods are thought to improve paretic hand function by inducing and facilitating changes in the brain. 32 Contralaterally controlled functional electrical stimulation (CCFES) is a technique for restoring volitional hand opening that combines elements of several of the methods mentioned above. 33 With CCFES, hand opening is produced by electrical stimulation of the finger and thumb extensor muscles. The degree of stimulated hand opening is controlled by the user; the intensity of stimulation is proportional to the degree of volitional opening of the contralateral unimpaired hand. A glove with sensors detects the opening of the unimpaired hand ( Figure 1 ). CCFES treatment consists of using the stimulation system for a prescribed period of time to (1) perform active repetitive hand-opening exercises, and (2) practice using the affected hand to perform functional tasks.
The CCFES paradigm is novel in 2 aspects: (1) it creates a stronger coupling of motor intention to stimulated motor output than other existing stroke NMES therapies by giving the user direct proportional control of the stimulus intensity, and (2) it uses movement of the unimpaired contralateral hand to modulate stimulation of the paretic hand. Previous animal and clinical studies support the hypothesis that therapies that temporally link motor intention to motor output and sensory feedback from the affected limb may facilitate neuroplastic changes leading to motor recovery. 21, 32, 34 Furthermore, synchronizing movement of the paretic hand to the nonparetic hand may lead to facilitatory central effects similar to those demonstrated in studies of bilateral symmetric arm training. 9, 10, 35 The purpose of our initial CCFES studies is to evaluate the feasibility of CCFES treatment to improve volitional hand opening. In our first study, 3 subjects with chronic (>6 months post-CVA) arm/hand hemiplegia used CCFES for 6 weeks. 33 Gains in maximum voluntary finger extension, finger extension strength, finger-movement control (tracking task), and Box and Block score were seen in every subject. In general, the gains persisted at 1 month follow-up but diminished somewhat after 3 months.
This article reports on 3 additional subjects who participated in an amended version of the protocol. We lengthened the treatment period from 6 to 12 weeks to see if the longer treatment period would produce greater gains and if those gains would have greater longevity.
Methods

Participants
Stroke survivors were recruited from an outpatient stroke clinic and evaluated using the following inclusion criteria: (1) at least 6 months poststroke, (2) manual muscle grade of 3 or less for finger extensors, (3) adequate shoulder and elbow movement to allow volitional positioning of the hand in the workspace, (4) functional hand opening in response to electrical stimulation, and (5) cognitively capable of using the CCFES system as instructed. Individuals were ineligible if they had intramuscular botulinum toxin injections in any upper-extremity muscle within 3 months before enrollment or at any time during the study, were apraxic, had uncompensated hemineglect, or had uncompensated hemianopsia. The study protocol was approved by the hospital's institutional review board, and written informed consent was obtained from each subject.
Instrumentation
The CCFES system consists of a stimulator, a command glove, and surface electrodes ( Figure 1 ). The custom-built multichannel programmable stimulator can deliver up to 7 independent monopolar channels (using a common anode) of biphasic current, though we use only 3 channels in the CCFES application. The stimulator is programmed to produce light and sound cues to prompt the subject to attempt to open both hands for several seconds and rest both hands for several seconds. The custom-built command glove has a sensor assembly attached on the dorsal side that consists of 3 bend sensors (Images SI Inc, 109 Woods of Arden Road, Staten Island, New York) enclosed in cloth sheaths. When the glove is opened and closed, proportional impedance changes in the sensors modulate the analog voltage input to the stimulator. This input, in turn, modulates the stimulus intensity (pulse duration) from each channel. Square (2 in × 2 in) and round (1.25 in) selfadhering pregelled electrodes are used to deliver stimulation to the extrinsic and intrinsic finger and thumb extensor muscles.
Figure 1 Contralaterally Controlled Functional Electrical Stimulation. Volitional Opening of the Unaffected Hand Produces a Proportional Intensity of Stimulation to the Paretic Hand Extensors
The 2 sizes of electrode allow us to better target small and larger muscles in the hand and forearm. The electrode positions and stimulus intensities that produced functional hand opening were determined for each subject. For each subject, a 2 in × 2 in electrode was placed over the dorsum of the wrist as the anode. Up to 3 additional electrodes were placed on the forearm and hand at positions to activate the finger and thumb extensors. To produce finger extension, the extensor digitorum communis (EDC) was targeted with an electrode placed on the dorsal mid-forearm. Wrist extension greater than ∼40° was undesirable as it makes it difficult to use the hand in functional tasks; therefore overactivation of wrist extensors was avoided by positioning the forearm electrode distal to the wrist extensors. If the forearm electrode did not also produce thumb extension, another electrode was placed either distal to the EDC electrode to recruit the extensor pollicis longus (EPL) or at the base of the thumb to recruit the abductor pollicis brevis (AbPB). If extension of the proximal interphalangeal joints of the fingers was incomplete with EDC stimulation, a small electrode was placed on the dorsum of the hand to activate the dorsal interosseous muscles. If necessary, the extensor indicis proprius was also targeted to enhance extension of the index finger. Once the electrode positions were determined, pictures of the electrodes in their proper positions on the forearm and hand were taken and given to the participants to help them in placing the electrodes themselves at home. The stimulator was programmed so that stimulation intensity (pulse duration) on each electrode increased from a minimum (submotor threshold) when the gloved hand was lightly closed to a maximum (producing desired muscle contraction without pain) when the gloved hand was fully open. Minimum pulse durations ranged from 24 to 30 microseconds and maximum pulse durations ranged from 138 to 250 microseconds across subjects. The stimulus frequency was set at 35 Hz and pulse amplitude was set at 30 mA. A user's manual detailing how to put on and use the CCFES system at home was carefully reviewed with each subject and they demonstrated the ability to use the device as instructed in the laboratory before being sent home with it.
Intervention
The participants used the CCFES system to self-administer two 55-minute exercise sessions daily for 12 weeks at home. An exercise session consisted of three 15-minute sets separated by 5 minutes of rest. During a set, light and sound cues from the stimulator prompted the participant to open both hands for several seconds and then relax both hands for several seconds. The hand open/relax cycle durations were adjusted over the 12-week treatment period from 5/20 seconds open/ relax to 6/16 seconds to 8/14 seconds to 8/10 seconds. The purpose of the graded duty cycle was to prevent fatigue early in the intervention and to build greater strength by more repetitions and longer duration muscle contractions as the treatment progressed. 36 These stimulation duty cycles are within the range of those used in previous NMES studies. 37 Our dosage of 14 hours of stimulation per week (including rests within and between sets) is substantially larger than several previous NMES studies, 22, 26, 28, 38 which used 3 to 5 hours per week but is less than more recent studies, which have used NMES doses up to 20 hours/week. 21, 29, 30, [39] [40] [41] The participants were instructed to separate the 2 exercise sessions by at least 2 hours to avoid fatigue and to write in a diary indicating when they did their sessions. The diaries were collected weekly. Along with the diaries, compliance was monitored by the data logging capability of the stimulator, which logged the date and time the unit was turned on and off and the date and time of start and completion of the sequence of audio and light cues corresponding to an exercise session.
In addition to daily home exercise sessions, the participants used the CCFES system to assist them in practicing functional tasks for 1½ hours twice a week. During the first 4 weeks, all of the task practice sessions were guided by an occupational therapist (OT) in the laboratory. During the second 4 weeks, half of the task practice sessions were guided by an OT in the laboratory and half were self-administered at home, as instructed by the OT. During the last 4 weeks, the frequency of task sessions in the laboratory was decreased to 1 every other week and the rest were self-administered at home. The laboratory sessions consisted of using the CCFES system to practice a finger-movement control task for 15 minutes, followed by practice using the stimulated paretic hand to perform several functional tasks for approximately 75 minutes. The fingermovement control task was a tracking task where an electrogoniometer on the index finger measured the degree of finger opening and closing and displayed it as a cursor on a computer screen. The task required the subject to keep the cursor between 2 parallel traces (a track) that scrolled across the screen by attempting to open and close their hand with the assistance of the CCFES system. The track had stretches of gradually increasing and decreasing slopes as well as interspersed periods of abrupt up and down changes over the course of the 15 minutes. This finger-movement control task was not practiced by the subjects at home. The functional tasks practiced in the laboratory and at home emphasized finger extension or whole hand opening. Example tasks include picking up a water bottle and pouring water, typing on a keyboard, opening a yogurt or frozen meal container, picking up and/or manipulating coins, and picking up a football.
Assessment
Assessments of upper extremity impairment were made at enrollment (0 weeks), mid-treatment (6 weeks), end of treatment (12 weeks), and at 1 (∼16 weeks) and 3 months (∼25 weeks) thereafter. The assessments included (1) maximum voluntary finger extension angle, (2) finger-movement control (tracking test), (3) maximum isometric finger extension moment, (4) Box and Block test, and (5) the upper-extremity portion of the Fugl-Meyer assessment of motor impairment. The participants were instructed to refrain from using the stimulator the day prior to and day of the mid-treatment and end of treatment assessments to prevent muscle fatigue or any possible shortterm carryover effect from affecting the outcomes.
The maximum voluntary finger extension angle was measured with a custom-built electrogoniometer that recorded the metacarpophalangeal (MP), proximal interphalangeal (PIP), and distal interphalangeal (DIP) joints of the index finger simultaneously while the subject attempted to maximally open the paretic hand in response to a 3-second audio tone. The finger-movement tracking test was similar to the finger movement control task described earlier, except that the track was a 30-second long sinusoid of 0.1 Hz with its amplitude scaled to the middle 70% of the subject's voluntary range of motion as determined in the maximum finger extension test. 42, 43 The maximum isometric extension moment of the MP joint of the index finger was measured using an apparatus 44 having an instrumented beam against which the subject extended the index finger of the paretic hand in response to a 3-second audio tone. The beam was positioned so that the MP joint was fixed at 30° of flexion during the measurements, while the wrist and forearm were restrained in a neutral posture. The Box and Block test 45, 46 is a valid and reliable measure of gross manual dexterity that requires the subject to pick up one 1-in. block at a time, lift it over a partition, and release it in a target area as many times as possible in 60 seconds. The upperextremity Fugl-Meyer motor assessment 47, 48 is a valid and reliable measure of poststroke motor impairment in which subjects are asked to make specific coordinated and isolated upper limb movements, which are graded on a 3-point ordinal scale and summed to provide a score. The Box and Block test and Fugl-Meyer assessment were administered by an experienced occupational therapist; the other assessments were administered by a biomedical engineer.
Results
Three stroke survivors with chronic upper extremity hemiplegia completed the 12-week CCFES treatment and 3 months follow-up. Demographic and baseline characteristics of the 3 subjects are shown in Table 1 . The results for each subject are shown in Table 2 and are summarized in the paragraphs that follow.
Maximum voluntary finger extension ( Figure 2 ) progressively increased to full extension (0°) over the course of the treatment period for subjects 1 and 2. For subject 1, finger extension increased by 73° from baseline to mid-treatment and increased by another 29° by end of treatment. Subject 2 experienced an increase of 48° by mid-treatment and an additional increase of 20° by end of treatment. Subject 3 experienced a loss in maximum voluntary finger extension by 30° at midtreatment and an additional loss of 39° by end of treatment. The gains in maximum voluntary finger extension experienced by subjects 1 and 2 did not persist at follow-up.
Finger movement tracking error ( Figure 3 ) decreased by 54% and 87% by end of treatment for subjects 1 and 2, respectively. Most of the improvement in finger movement control occurred by mid-treatment, with slight additional improvements occurring between 6 and 12 weeks. In contrast, the tracking error for subject 3 increased by 26% at mid-treatment and by another 35% at end of treatment. Subjects 1 and 2 maintained their tracking performance during the 3-month follow-up period.
Maximum voluntary isometric finger extension moment ( Figure 4 ) progressively increased through the treatment period for subjects 1 and 2, increasing by 18 and 16 N cm by mid-treatment, respectively, and by another 21 and 10 N cm by end of treatment. The gains in finger extension moment experienced by subjects 1 and 2 did not persist at follow-up. For subject 3, finger extension moment remained near zero throughout the study, sometimes registering negative (indicating a net flexion moment).
Box and Block scores ( Figure 5 ) increased for all 3 subjects, with increases of 6, 15, and 7 blocks by end of treatment for subjects 1, 2, and 3, respectively. Subject 1 experienced some loss at 1-month follow-up and then rebounded by the 3-month follow-up, whereas subjects 2 and 3 maintained their end of treatment scores throughout the follow-up period. Abbreviation: CCFES, contralaterally controlled functional electrical stimulation. a N cm denotes newton centimeters.
Figure 2 Sum of Joint Angles of the Index Finger (Metacarpophalangeal + Proximal Interphalangeal + Distal Interphalangeal) During Maximum Voluntary Finger Extension
Figure 3 Finger Movement Tracking Error
Note: Error was the accumulated distance the cursor was from the track over the 30-second period. Values are the mean ± standard deviation of 3 repeated measurements normalized by the maximum error for each subject.
Note: Zero degrees corresponds to a fully extended finger; negative values are flexion. Values are the mean ± standard deviation of 3 repeated measurements.
Fugl-Meyer scores ( Figure 6 ) progressively increased for all 3 subjects throughout the treatment period. The scores increased by 11, 15, and 8 points by end of treatment for subjects 1, 2, and 3, respectively. During follow-up, the score for subject 1 decreased at 1 month and then rebounded at 3 months, the score for subjects 2 diminished only slightly, and the score for subject 3 returned to baseline level by 3 months posttreatment.
Responses to a questionnaire given at the end of treatment indicated that all 3 subjects had a positive attitude toward the treatment. All 3 subjects agreed to the statement, "I wish this intervention was part of my original therapy." In response to the statement, "The exercises and therapy associated with this study improved my hand function," subjects 1 and 2 agreed, whereas subject 3 was unsure. Likewise, subjects 1 and 2 agreed with "I can open and use my hand better now than when I started the study," whereas subject 3 was unsure. Even though subject 3 had the least improvement, she seemed to be the most enthusiastic about the treatment as indicated by a perfect compliance record and her expressed desire to show the CCFES system to her primary care physician and former coworkers. According to the usage data downloaded from the stimulator, compliance with the home exercise portion of the intervention was 78%, 0%, and 100% for subjects 1, 2, and 3, respectively.
Discussion
This study extends our pilot work on CCFES. 33 CCFES is an intervention that incorporates several rehabilitation principles considered to be important in promoting neuroplastic changes leading to motor recovery. Such principles include active, 
Figure 4 Maximum Isometric Finger Extension Moment
Note: Values are the mean ± standard deviation of 3 repeated measurements.
repetitive, goal-oriented movement, [3] [4] [5] 32, 49 bilateral symmetric movement, [9] [10] [11] 35, 50, 51 neuromuscular electrical stimulation, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [36] [37] [38] [39] [40] [41] and synchronous activation of upper and lower motor neurons and afferent fibers. [52] [53] [54] CCFES may be more widely applicable than existing treatments because it does not require the patient to retain any residual hand movement and may require less therapist time because it can be self-administered, in part, at home.
In this study, hand impairment progressively improved over the 12-week CCFES treatment period, especially for subjects 1 and 2. Improvements were made both during the interval between baseline and mid-treatment and from midtreatment (6 weeks) to end of treatment (12 weeks), suggesting that lengthening the treatment duration beyond 6 weeks produced greater gains. The active range of finger extension, extensor strength, and finger-movement control (tracking) for subject 3 were exceptions to the general finding of progressive improvement over the treatment period; this probably was due to muscle fatigue caused by self-administration of her home CCFES exercises on the day of her mid-treatment and end of treatment assessments, despite instructions to refrain from exercising those days. Her tendency to have greater upper extremity flexor hypertonia, as indicated by baseline modified Ashworth score 55 on elbow flexors (Table 1) , may also account for her poorer outcomes. Nevertheless, the Box and Block and Fugl-Meyer scores for subject 3 increased during the treatment period.
Increasing the treatment period to 12 weeks allowed more time for greater gains to be achieved, but the optimum treatment duration (ie, time at which the gains plateau) and dosage remain unknown. Treatment durations ranging from 2 to 12 weeks can be found in the research literature on poststroke upper-extremity rehabilitation treatments (eg, constraint induced therapy, robot-assisted therapy, neuromuscular electrical stimulation), but more research is needed to determine the optimum duration of any of these treatments. 56, 57 For subjects 1 and 2 in our study, the greatest improvements occurred in the interval between baseline and 6 weeks, with additional but less improvement occurring in the subsequent 6 weeks. For subject 3, who had greater impairment at baseline, the opposite was true; she had more improvement in Box and Block and Fugl-Meyer scores during the last 6 weeks of the treatment than during the first 6 weeks. The duration of treatment required for maximum benefit may depend on the baseline severity of paresis.
Subjective responses from research participants regarding treatment duration may help determine the duration of treatment that patients will tolerate. Two of the 3 subjects in the original CCFES pilot study with the 6-week treatment period wanted to continue using the CCFES system after the treatment period was over; they reported that they thought they could have experienced greater gains if they had been allowed to use the system longer than 6 weeks. 33 When the subjects in this study were asked at the end of the treatment to respond to the statement, "The 12-week treatment was too long," all 3 subjects disagreed. Subject 3 added that she thought she could have benefited from using the device longer than 12 weeks, but subject 1 was unsure, and subject 2 said she did not believe she would gain any additional benefit from a longer treatment period. Thus, a period of 12 weeks was tolerable for our subjects, but whether a longer duration would be acceptable depends on the gains patients perceive to be possible by continued use. In response to questions about the intensity of the treatment (ie, 2 hours/day daily and 1½-hour task practice sessions twice a week), all 3 subjects indicated that it was not too much. However, 1 subject indicated that a greater intensity would be too much, and another subject suggested that the 2 hours daily home exercise be broken into 3 equal segments throughout the day instead of 2. A future dose-response study will compare the effects of different durations of CCFES treatment in stroke survivors with different degrees of baseline impairment to optimize the treatment duration for a particular level of baseline impairment.
How long the effects of CCFES persist is unclear; some outcomes were maintained after 3 months whereas some had declined. Maximum voluntary finger extension and finger extension strength declined during the follow-up period, but the finger movement control (tracking), Box and Block score, and Fugl-Meyer scores generally persisted for 3 months. This pattern is consistent with the results of our first pilot study. We hypothesized that lengthening the treatment duration would lead to greater improvement, and that greater improvement would in turn lead to better longevity of the gains. Subjects 1 and 2 did in fact have greater gains in finger extension and strength than the subjects in our first pilot study; nevertheless, those greater gains did not translate into greater permanence of the gains over time.
One possible explanation for some outcomes persisting during follow-up and others not is that the neuromuscular stimulation strengthened the extensor muscles during the treatment period, and once the treatment ended, the muscles became weak again causing losses in active finger strength, and therefore, extension. Loss of strength, however, would not necessarily cause a decrease in Box and Block score, Fugl-Meyer score, or finger-movement control because those outcomes also depend on motor coordination, perhaps more than on strength. So it is possible that strength diminished during the follow-up period but motor coordination was maintained. If that is the case, then a standard electrical stimulator could be used periodically to re-strengthen the muscles if needed. Another possible explanation for the finger extension and strength gains not persisting over time is that the subjects may be regressing back to a state of "learned nonuse" once the treatment period is over. Thus, if they do not continue to use their affected arm and hand they may lose the gains they had made, losing not only strength gains but also gains in motor coordination as more time elapses. The problem of nonenduring improvements could possibly be addressed by redosing with CCFES after certain periods of time, a practice that is commonly done in medicine (eg, corticosteroid injections for shoulder pain) and should be considered for motor relearning as well.
Although this study did not include any measures of activity limitation (ie, activities of daily living), subjects 1 and 2 reported at end of treatment that their hand function had improved. When asked what daily tasks they thought they were able to perform better, the following responses were given: opening and closing doors, carrying plates, turning on/ off light switches, putting on/taking off jewelry, and cutting vegetables. Future studies will include assessments of activity limitation.
In spite of remarkably positive results for subject 2, the compliance data downloaded from the stimulator's data logger indicated that she did not complete any of the home exercise sessions. This was in contrast to her diary, which indicated that she completed 75% of the self-administered home exercise sessions. The stimulator accurately logged every session in which it was used in the lab, providing evidence that it was functioning properly. Thus it appears that her positive outcomes may be attributed only to the therapist-guided CCFES functional task practice that took place in the lab. This raises questions regarding the relative importance of the home exercises and the functional task practice, and what results would have been obtained if she had also complied with the CCFES home exercise portion. Subject 2 gave no information that would have explained why she did not comply with the home regimen.
In summary, the results of this and the previous pilot study suggest that there is an association between CCFES treatment and improvements in upper extremity impairment. The small sample sizes of these studies do not allow a conclusion to be made regarding the strength of association or the probability of causation. Nevertheless, the data suggest a positive effect of the intervention, and further investigation of CCFES is underway.
Future studies include randomized controlled trials of CCFES in stroke survivors with acute and chronic hemiplegia to delineate the specific effects of CCFES and studies aimed at optimizing the treatment duration and dose for patients with various levels of baseline impairment. Other studies will seek to apply the CCFES concept to other paretic muscle groups, such as the ankle dorsiflexors.
